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MULTI-SECTIONAL SYSTEM FOR CONTINUOUS GAS SEPARATION 

P pi ATFn APPLICATION 
This application is a continuation-in-part of co-pending application Serial No. 
5 10/402,279, filed March 27, 2003, which is a continuation of Serial No. 10/194,628, 
filed July 12, 2002, now Patent No. 6,585,809. 

RAC.KGROUND OF THF INVENTION 

1 Field of the Invention 

The present invention relates to a method and system for separation of gas 
10 mixtures into gas volumes having higher concentrations of selected constituent 
gases, and particularly to such methods and systems as operate at re.atively low 
pressures, such as partial atmospheric pressure, or less. 

2 pog^rip tinn of Related Art 

It is generally desirable, for a variety of applications, to separate constituent 
15 gases of a gaseous mixture. For example, the constituent gases of oxygen, nitrogen, 
carbon dioxide, argon, etc., are often separated from air, using numerous different 
methods. Methods for such separation often entail the use of massive and/or 
complex equipment, and consume a large amount of energy. Consequently, bottled 
gas (pressurized or liquefied) is predominantly used for applications in wh.ch a 
20 relatively pure gas is required. Except for a few specialized industrial processes, 
continuous, on-demand gas separation methods that use ambient air as a feedstock 
are generally too expensive and/or not technically feasible for many applications ,n 
which gaseous separation may be beneficial. 

For example, for combustion engine applications, it may be beneficial to ennch 
25 intake air with oxygen, to enab.e increased power or efficiency. Presently, there is no 
effective solution for providing oxygen in a continuous process us.ng a.r as a 
feedstock, that is feasible for use with gasoline or diesel engines in transportation 
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applications. Similar benefits might be realized with other mobile or stationary power 
plants or combustion applications. Separation of more concentrated oxygen and/or 
nitrogen streams from ambient air may also be useful for various different industrial 
processes, for fire prevention or suppression, for air conditioning or medical 
5 purposes, and/or other applications. 

Separation of electronegative and electropositive gases using a static electric 
field and permeable electrodes is known in the art. Despite this knowledge, there are 
few, if any, examples where such systems have found practical application. In short, 
the prior art has failed to produce a practical system with proven effectiveness for 
10 separating gaseous constituents in an open, continuous process system. In 
particular, the prior art has failed to provide a system of proven effectiveness for 
separating oxygen from air. 

It is desirable, therefore, to provide a more effective system and method for 
separating, at least in part, constituents of a gaseous mixture. The system and 
15 method should be capable of separating the primary constituents of ambient air (i.e., 
oxygen and nitrogen) using relatively light-weight equipment that is economical and 
relatively maintenance-free. The equipment should be useful for diverse 
applications, for example, for use with diesel or gasoline engines in trucking, marine, 
or automotive applications, or for any other application where a continuous gas 
20 stream that is at least partially enriched in oxygen or nitrogen is desired. 

SUMMARY OF THE INVENTION 
The invention provides a method and system for separating constituents of 
gas mixtures, that is suitable for separating oxygen, nitrogen, and perhaps other 
constituents, from ambient air in a continuous process. The method may be 
25 implemented using lightweight, relatively inexpensive equipment that may be 
configured for a variety of different applications and operating environments. The 
invention is therefore believed suitable for use with a variety of different applications 
for which continuous, on-demand gas separation was previously not feasible. 

In an embodiment of the invention, a system for separating a gaseous 
30 constituent from a gaseous mixture includes a substantially sealed passageway 



LA2:686116.1 



extending between a first exhaust port and a second exhaust port. An entry port for 
ga s mixture to be separated opens into the passageway, between the first exhaus 
port and the second exhaust port. At least three gas-permeab.e electrodes are 
disposed across the passageway at intervals. The electrodes divide the passageway 
5 into muitiple sections. Each section is bounded at opposing ends by an , electro £ 
and the sections are disposed in serial fashion through at least a porfion of the 
passageway A high-vo.tage static e.ectric field may be applied to oppos.ng 
ZdTs of one or more sections. When voltage is so app.ied. gas may be drawn 
through a static electric field in one or more sections, by applying sucfion to the 

10 eXhaUS Cent sections of the passageway may be bounded by 

same polarity, or of opposite po,arity. At least one section, however, is bounded by 
e.ectrodes of opposite po.arity. A static electric fie,d in adjacent secfio. 
maintained in a uniform direction through the passageway, by appropnately 
15 maintaining the polarity of each section. wntinilous | V 
According to a method of the invention, a gas m,xture ,s contmuously 
introduced into one of the sections with oppositely-charged electrodes, which, ac* as 
an ionization chamber. The electrodes may be generally planar or 
primary surface of re.atively .arge area and many small open.ngs to allow the 
20 passage of gas. In the a.ternative, the electrodes may be configured as wre or 
neel arrays, or as contoured sheets with many smal. opening, Each e.ectro e 
has a second surface facing either an exhaust plenum, or an adjacent sect.on of a 
gaS fiow passageway. The ionization chamber and the two exhaust plenums are 
1 bounded by walls of the passageway. , the passageway wal,s surfaces are 
25 conductive, they are insulated from the electrodes. 

Each exhaust plenum is connected to an exhaust port through which an 
exhaust gas stream is drawn at a controlled rate. The gas mixture -n he 

eway is maintained at a controlled pressure that is general.y less 
atmospheric pressure, for example, a ,w vacuum pressure. In an embodimen o 
30 the invention, gas pressure is maintained by adjusting a gas input va.ve connected to 
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the volume between the electrodes, depending on the exhaust rate. By throttling the 
input valve while pumping gas out the exhaust port, a continuous flow of low- 
pressure gas can be drawn through the volume between the electrodes and out the 
separate exhaust ports. In the alternative, the entry port for the passageway may be 
maintained in a fixed state, and flow through the device may be controlled v,a the 
exhaust ports. For example, the exhaust flow may be varied by controlling the 
pumping speed of an exhaust pump, and/or by using an adjustable valve in the 
exhaust In addition, or in the alternative, the entry port may comprise an array of 
small holes or voids that permits the gas mixture to enter into the passageway under 
laminar flow conditions. It is believed that maintaining laminar flow cond>t,ons 
through the passageway, electrodes, and exhaust plenums will increase the 
effectiveness of the device, but may not be critical for success. 

The electrodes of at least one section in the passageway are connected to 
opposite terminals of a static high-voltage source, thereby establishing a stat,c 
electric field between the plates. Electrode voltage should be selected to promote 
ionization of the gas mixture in the input space, while avoiding generation of any 
unwanted ion species. Optimum voltage will depend on parameters such as t,.e 
chemistry of the gas mixture; spacing, shape, and composition of the electrodes, and 
gas flow rate. In general, higher gas pressures may facilitate higher mass flow rates, 
while requiring higher electrode voltage. If gas pressure is too high, however, 
separation of different ionic species may be impaired. 

The electric field between the electrodes may cause a portion of the gas to 
become ionized. In an embodiment of the invention, the amount of ionization » 
increased by exposing the gas in the input space to ionizing radiation, such as from 
25 an ultraviolet lamp or other radiation source. In another embodiment, the electrodes 
may by themselves provide adequate ionization, without a further radiation source 

,t is believed that a high-voltage electric field may be sufficiently effective for 
ionizing the gas mixture under certain conditions. For example, in a system for 
separating oxygen and nitrogen from air at close to atmospheric pressure, t was 
30 discovered that use of an ultraviolet lamp increased the effectiveness of the dev.ce 
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by only a small amount. Accordingly, for some applications it may be desirable to 
omit a separate source of ionizing radiation, and rely entirely on the electric field 
between the electrodes for ionizing the gas mixture. 

Separation of the gas species from the mixture proceeds as the gaseous 
mixture between the electrodes is ionized. In many gas mixtures, different gas 
species of the mixture will possess a greater affinity for electrons than other spec.es 
of the mixture. Hence, when the gas mixture is ionized, the negative ions w.ll be 
made up of a proportionally greater number of the gas species having a h.gher 
electron affinity, depending on factors such as the electric field strength, the type of 
gas and the density of the gas. For example, in a mixture of oxygen and nitrogen, 
oxygen has a greater affinity for electrons, so under certain conditions, a greater 
proportion of the negative ions will be oxygen, reiative to the proportion of oxygen ,n 
air Conversely, more of the positive ions will be nitrogen. Creation of negative Q 2 
ions and positive N 2 ions may predominate when the electric field is less than 
required to produce an arc discharge. For example, at atmospheric pressure, less 

than about 20,000 Volts per cm. 

The oppositely charged electrodes define opposite surfaces of at least one 
section of the passageway, and so the negative ions propagate towards the positive 
electrode, and the positive ions propagate towards the negative electrode. As the 
ions propagate towards their respective electrodes, they are drawn through the 
electrode passageways into an adjacent section by suction applied through the 
exhaust port, eventually reaching an exhaust plenum. In the process, the charged 
ions may be essentially neutralized by the oppositely charged electrode or electrodes 
though which they are being drawn. Adjacent sections may be used primarily for 
neutralization of ions, or for both ionization and neutralization. The gas m the 
exhaust plenum is enriched in a desired gas species relative to the mixture, and ,s 
then drawn out the exhaust port for use in the intended application. 

in an embodiment of the invention, multiple electrodes may be used m a 
parallel arrangement, with a bank of parallel electrodes of the same charge opposing 
a bank of electrodes all having an opposite charge. Gas from the ionization chamber 
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is thus drawn through a bank of charged electrodes, before being exhausted from the 
exhaust plenum. Some adjacent sections of the passageway will therefore be 
bounded by electrodes having substantially the same charge. These sections w.ll 
provide little or no additional electric field for ionization or separation in the 
passageway but may be used to neutralize ionized gas drawn from an earlier 
section. An entry port may be provided into one of the electrode sections, and the 
separated gas streams may be evacuated out opposing ends of the conduit. 

In another embodiment, a bank of permeable electrodes may be arranged in 
the passageway so that each of the sections provides an electric field of the same 
polarity relative to the direction of gas flow in the passageway. The voltage across 
the electrode bank may be divided among each section, thereby producing a 
unidirectional, static electric field through multiple sections along the length of the 
passageway. An entry port may be provided into any one of the electrode sections, 
and the separated gas streams may be evacuated out opposing ends of the conduit. 

In yet another embodiment of the invention, the sections may be arranged in 
parallel electrically, so that each section has oppositely charged electrodes, with 
electrodes of the same polarity connected in parallel. The passageway may be 
configured to direct the gas flow so that gas passing from an earlier section .s 
exposed, in a subsequent section, to an electric field applied transversely to the 
direction of flow from the earlier section. The subsequent section may include a 
separate exhaust port to draw gas of an undesired type out of the passageway. 
Accordingly, the passageway in the subsequent section may be made smaller to 
accommodate the diminishing flow of purified or enriched output gas, as additional 

undesired gas is exhausted. 

A more complete understanding of the method and system for gas separation 
will be afforded to those skilled in the art, as well as a realization of additional 
advantages and objects thereof, by a consideration of the following detailed 
description of the preferred embodiment. Reference will be made to the appended 
sheets of drawings which will first be described briefly. 
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ppiPF INSCRIPTION OF THE DRAWINGS 
Fig. 1 is a flow diagram showing exemplary steps of a method for gas 
separation according to the invention. 

Fig. 2 is a diagram showing an exemplary multistage system for gas 

separation. 

Fig. 3 is a diagram showing an exemplary multistage system for gas 
separation, according to an alternative embodiment of the invention. 

Fig . 4 is shows an exemplary module of a multistage system for gas 

separation. 

Fig. 5 shows an exemplary modular multistage system for gas separation. 

Fig. 6 shows an exemplary multistage system for gas separation, of a type 
utilizing asymmetric positioning of the entry port. 

Fig. 7 shows an exemplary multistage system for gas separation, of a type 
utilizing a diminishing-volume sequence of ionization chambers. 

DFTAILED DESCRIPTION OF T HF ^ferred EMBODIMENT 
_ . _ ^..^n nmx/iH P .s a method and system for separation of a 

I fit; pic£>ciii iiivwiuwi' i ■ 

constituent from a gaseous mixture. Fig. 1 shows exemplary steps of a method 100 
for separating constituents of a gaseous mixture according to the invention. Method 
100 may be performed using any of the systems disclosed herein, or any other 
suitable equipment. Steps 102-110 are performed continuously and concurrently as 
a continuous method. At step 102, a gaseous mixture is introduced through an entry 
port into an enclosed ionization chamber. Optionally, the pressure of the m.xture .s 
reduced and regulated by a throttle valve in-line with the entry port. In the alternative, 
the entry port has a fixed flow capacity. An entry plenum may be used to >ntroduce 
the inlet air under laminar (or less turbulent) flow conditions. The ionization chamber 
comprises oppositely-charged electrodes of static polarity separated by a volume for 
containing the gaseous mixture. One of the electrodes is a cathode and the other ,s 
an anode. 

At step 104, a low pressure is maintained in the ionization chamber. Low 
) pressure" refers to a pressure less than atmospheric, such as between about 1-29 
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inches of mercury vacuum, or between about 0.05 and 0.95 atmospheres. Low 
pressure is maintained by controlling the exhaust flows relative to the entry port unt,l 
the desired pressure is maintained in the ionization chamber. The optimal pressure 
will depend on the composition of the gas mixture to be separated, the electrode 
voltage and spacing, and perhaps on other factors. 

At step 106 gas between the anode and cathode is ionized. lonizat.on may 
be driven by an electric field between the anode and cathode, by a separate radiation 
source or by some combination of radiation and an electric field. Depend.ng on 
system limitations and application requirements, it is generally desirab.e to increase 
the strength of the electric field to the extent possible without causing arc discharges 
to occur Likewise, increasing the distance between the anode and the cathode may 
also aid in the separation of the ionized gases, so long as the electric field between 
the electrodes is sufficiently intense to promote ionization and separation. As a result 
of the ionization, a constituent of the gas mixture is attracted towards either the 
anode or the cathode. The balance of the mixture is attracted to the opposrte 
electrode, or is unaffected by the electric field. 

At step 108, gas adjacent to the anode is pumped out and discharged from the 
ionization chamber. This may be performed by applying suction to an exhaust 
plenum disposed against the anode, using any suitable pump. In an air separate 
process, this gas will be enriched in oxygen. Similarly, at step 110, gas adjacent to 
the cathode is pumped out and discharged from the ionization chamber. Th,s gas 
may be deficient in oxygen, and enriched in nitrogen. Again, an exhaust plenum 
disposed against the cathode and suctioned by a suitable pump may be used to 
carry out this step. Gas pumped from the cathode is pumped in a separate gas 
stream segregated from gas pumped from the anode. Mass flow of gas mto the 
ionization chamber should be equal to the sum of mass flows pumped from the 
anode and cathode. Under proper conditions, gas adjacent to at least one of the 
cathode or the anode will be enriched with respect to at least one gaseous 
constituent, e.g.. oxygen or nitrogen when starting with air as the gaseous m.xture. 
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Hence, at least one of the exhaust streams pumped from the anode or cathode will 
be enriched with respect to a gaseous constituent. 

.„ particular, method 100 may be applied for separation of oxygen from jr. 
Experimental results showed that oxygen enrichment in the range of about 30 o - 
5 40% above ambient levels may be easily achieved in the exhaust stream from the 
anode of the gas separator. Such results are believed useful for applications such as 
building air conditioning, and conditioning the intake and/or exhaust gas 
combustion engines or other fuel-burning engines and systems. Oxygen ennc me 
of greater than 30% was achieved using a system similar to that descn ed below ,n 
,0 connection with Fig. 1. An ionization chamber pressure in the range , o abou -4 
inches Hg be.ow atmospheric pressure (between about 0.85 and 0.95 atmospheres) 
was found to be suitab.e for producing a relative* high mass flow rate of oxygen- 
lined air No separate source of ionization was needed. The electric fleld was 
about 1150 V/in, generated by electrodes of opposite polarity spaced about 4 inches 
1 5 apart and charged to about 5000 V prior to operation of the system's vacuum pump. 
When the pumps operated, pressure between the electrodes dropped by abouM 
inches Hg The gas between the electrodes became partially ioruzeu, as ev:.e..~~- 
by an approximately 400 V voltage drop across the electrodes after vacuum was 
applied. Exhaust from the cathode end of the system was hotter than the anient 
20 air The increase in temperature of the cathode-end exhaust was proposal to the 
electric field power and voltage drop in the field induced by the vacuum pumps. 

Fig 2 shows a system 200 according to the invention. System 200 and ,ts 
elements are shown in a simplified, diagram format. One of ordinary skill in the art 
will be able to select and assemb.e a system according to the invent.on from Fig. 2 
25 and the accompanying description herein. 

System 200 comprises a section 262c that serves as an .on,zat,on chamber 
for ionizing a gaseous mixture. The ionization chamber comprises a space between 
oppositely-charged, gas permeab.e electrodes 211a, 213a that bound oppos,te ends 
of section 262c inside of an enclosure 204. The endosure 204 may have any 
30 suitable shape, and defines a passageway 260 between opposing exhaust ports 21 8, 
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220 The gas-permeable electrodes 211a* and 213a-b are disposed across the 
passageway at intervals, thereby providing a plurality of sections 262a-f each 
bounded at opposing ends by an electrode. The sections are disposed in serial 
fashion through most of the passageway, terminating at end sections 224, 226. 

Fig 2 shows a cutaway view of a cylindrical enclosure 204 defining 
passageway 260. Enclosure 204 may be made of any suitable non-conductive 
material, for example, p.astic. To save space or to fit in a particular location, the 
enclosure may be curved or contoured along its length. In a prototype embodiment 
of the invention, enciosure 204 comprised a 14-inch length of ASTM D3034, 8-inch 
diameter PVC pipe, with its ends sealed by metal plates. 

Enclosure 204 is provided with at least three gas ports connecting with 
passageway 260: entry port 216, exhaust port 218, and exhaust port 220. System 
200 further comprises two gas-permeable e.ectrode banks 210, 212 (an anode bank 
and a cathode bank) spaced apart and insulated from one another. The e.ectrode 
banks are separated from each other by the ionization chamber 202. Each bank is 
comprised of a series of parallel spaced electrodes. Bank 210 is comprised of 
electrodes 211a-c, and bank 212 is comprised of electees z ,o*«. ■ .» 
may be formed of any suitable conductive and gas-permeable material. Each 
electrode within a bank of electrodes may be maintained at the same voltage. For 
example, electrodes 211m may be maintained at the same positive voltage, and 
electrodes 213a-c may be maintained at the same negative voltage. 

Entry port 216 is configured for discharging a gaseous mixture for ionization 
directly into the space 262c between electrode banks 210, 212. Entry port 216 may 
be comprised of a plurality of small orifices that serve as an entry plenum to reduce 
the turbulence of air admitted into the ionization chamber 262c. In the illustrated 
embodiment, the entry port 216 is open to the environment, to admit ambient a,. In 
the alternative, the entry port may be surrounded by a plenum housing (not shown) 
for control of the entry gas. The plenum housing may have an inlet that is connected 
in series with an adjustment valve (not shown). Yet another alternative is to provide 
, a discrete entry port into the ionization chamber, with or without a series-connected 
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entry valve. An exemplary plenum housing 712 is shown in Fig. 7. In a prototype 
embodiment, a single discrete entry port about 0.75 inches in diameter was used, 
without an adjustment valve. If present, an adjustment valve may be used to throttle 
gas flow into the ionization chamber, thereby providing for regulation of gas pressure 
5 in section 262c (ionization chamber). If no entry valve is provided, pressure may be 
controlled by controlling the speed of the exhaust pumps, or by providing an 
adjustment valve on one or more of the exhaust ports. 

Referring again to Fig. 2, ionization may be driven entirely by an electric field 
that is created between electrode banks 210 and 212, by connection to a h<gh- 
10 voltage source 242. It may be desirable to increase the strength of the electric field 
up to but not exceeding a level that will result in arc discharge. A higher electric field 
strength may result in a higher level of ionization, as well as more efficient separation 
of oppositely-charged ions. 

Use of an ionizing radiation source (not shown) in the ionization chamber may 
15 permit lower electrode voltages to be used, all other things being equal. The 
ionization chamber 262c should be configured to ionize the gaseous mixture .n such 
a way that ions of a gas constituent to be separated are predominately of a first 
polarity and other species present in the mixture are predominately neutral (,e., not 
ionized) or predominately ions of an opposite polarity. For example, for separation 
20 of air into oxygen and nitrogen, conditions within the ionization chamber 262c may be 
configured to produce negative ions predominately comprised of 0 2 ", and positive 
ions predominately comprised of N 2 + . 

In general, ionization of gas mixtures is a complex phenomena that has been 
thoroughly studied for different applications. The same apparatus may yield different 
25 results, depending on how process parameters such as gas pressure, electric field, 
and gas chemistry are controlled. It is not the object of the invention to define 
particular process parameters or particular apparatus for achieving a given result. It 
is noted however, that for the separation of oxygen from air, Oi ions may be 
produced by a "quiet and dark" ionization that occurs at relatively low ratios of electric 
30 field strength to gas pressure, such as known in the art of air ionization for a,r 
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conditioning applications. At relatively high ratios of electric field strength to gas 
pressure, positive oxygen ions may be produced as well as other forms such as 
atomic oxygen or ozone, which may be undesirable. 

Electrode banks 210, 212 may be configured in various ways. In an 
embodiment of the invention, each of their constituent electrodes 211a-c and 213a-c 
are conductive plates. For example, the electrodes may be aluminum or copper 
plates In a prototype embodiment, the electrodes comprise thin circular aluminum 
plates perforated by equally-spaced holes. The electrode plates are oriented parallel 
to one another, and are mounted within enclosure 204 so as to divide the enclosure 
into a central enclosed volume (ionization chamber) 262c between the electrodes, 
and two exhaust plenums 224, 226, as shown in Fig. 2. Each electrode is gas- 
permeable to provide for fluid communication between the exhaust plenums 224, 226 
and the ionization chamber 262c between the electrodes. 

Electrode banks 210, 212 should be spaced apart far enough so that gas 
adjacent to one electrode bank, e.g., bank 210, is not likely to be suctioned into the 
exhaust plenum belonging to the opposite electrode, e.g., plenum 226 of electrode 
bank 212. At the same time, the electrode banks should not be spaced too far apart, 
as this will weaken the electric field and make separation of ions less likely. In other 
words in selecting an appropriate spacing and configuration of the electrode, the 
20 fluid dynamics created by pump suction should be considered as well as the electric 
field between the electrodes. In a prototype embodiment, the electrode banks were 
spaced approximately 4 inches apart and were positioned symmetrically with respect 
to the center of the enclosure 204. Each electrode in the respective banks was 
positioned approximately 1 .5 inches away from other electrodes in the same bank. A 
space of approximately 2 inches was provided between each electrode bank and its 
nearest exhaust port for each exhaust plenum 224, 226. 

Pumps 228, 230 are connected to exhaust ports 218, 220, and may be 
operated to create' suction in exhaust plenums 224, 226, respectively. Any suitable 
vacuum or suction pump may be used, depending on the intended mass flow rate 
30 through the system, the desired vacuum pressure in chamber 262c, and the electric 
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field voltage. In a prototype embodiment, pumps 228, 230 comprised 145 mm 2- 
stage tangential bypass discharge vacuum pumps from Ametek® Lamb Electric of 
Kent, Ohio. 

The flow of gas into and out of system 200 may be controlled by an intake 
5 valve (not shown), exhaust valve (not shown), and/or by varying the speed of pumps 
228 230. A gaseous mixture is drawn into the ionization chamber 262c as shown by 
arrow 236, because of suction provided by pumps 228 and 230. Gas within the 
chamber 262c is ionized by the electric field between electrode banks 210, 212, and 
ions of opposite polarity tend to propagate in opposite directions, towards an 
10 oppositely-charged one of the electrode banks. A portion of the gas passes through 
electrode bank 210, and is discharged through exhaust port 218, as indicated by 
arrow 238. The balance of gas flow passes through electrode bank 212 and is 
discharged through exhaust port 220, as indicated by arrow 240. Provided that 
chamber 102 is substantially sealed except for the gas ports, the inlet mass flow rate 
1 5 236 will equal the sum of the exhaust flows 238, 240. 

An electric field of static polarity is maintained between electrode banks 210, 
212 by DC power source 242. Any suitable source of direct current (DC) power may- 
be used, such as a discrete power supply. Power source 242 should be capable of 
maintaining the desired electrode voltage across the electrodes at a sustained power 
level. In a prototype embodiment, a DC-to-DC power converter, model SC-50 10 
Watt, by American High Voltage of Elko, Nevada, was used as a high voltage source 
242. The power converter was designed to produce an output voltage of 0-5000 
VDC, in proportion to an input voltage of 0-12 VDC. The power converter was 
powered by a AC-to-DC 9 V power supply 244, rated for 1200 mA maximum output. 
Power supply 244 was connected to ordinary 1 15 VAC household current 246. The 
output voltage of high voltage source 242 was nominally 5000 VDC prior to operation 
of the exhaust pumps. Although well below the voltage threshold for arc discharge, 
the voltage proved sufficient for attaining useful results in the separation of oxygen 
from air. Power dissipated by source 242 is believed to have been less than ten 
30 Watts. 
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For a given configuration of electrodes and voltage supplied to the electrodes, 
the voltage of the electric field may be related to the mass flow of gas through the 
ionization chamber. Using an apparatus of the type shown in Fig. 2 open to an 
ambient air environment, a voltage difference between the electrodes may decrease 
5 from an initial voltage measured when the ionization chamber is at atmospheric 
pressure. As gas is pumped out from the chamber, pressure in the chamber will be 
reduced if the entry port is sufficiently restricted. Surprisingly, the voltage difference 
between the electrodes will decrease as the exhaust pump speed is increased, until 
a certain vacuum level is obtained in the ionization chamber. That is, the maximum 
10 voltage drop is a function of the pump speed and input flow rate. If an input valve is 
in place on the entry port, as the valve is increasingly restricted, the maximum 
voltage drop will be observed at progressively slower pump speeds. The extent of 
voltage drop will depend on the characteristics of the voltage source, and is believed 
related to an electric current created by ionized gas flow between the electrodes. At 
1 5 pressures below the vacuum level at which a maximum voltage drop is observed, the 
voltage difference will again increase as the mass flow of gas between the electrodes 
dscreases . 

In a prototype system of the type shown in Fig. 2, the exhaust pumps 
described above were operated at their full design speed, drawing through a single 

20 entry port about 0.75 inches in diameter. In this mode, a pressure drop of about 5 
inches Hg below atmospheric was measured by gauge 232. An oxygen sensor 
capable of reading percentage of oxygen in the range of 0-100% was positioned in 
the exhaust port of exhaust pump 228. The sensor was adjusted to read a 
concentration of 20% oxygen in ambient air, prior to placing in the exhaust port. 

25 Voltage drop at the voltage source 242 stabilized at about 400 V during operation of 
the pumps. Oxygen content stabilized at a level of about 26% total oxygen at the 
exhaust pump 240. Hence, the prototype successfully enriched the oxygen content 
of the exhaust by about 30%, relative to ambient levels. It is believed that greater 
oxygen enrichment is also possible, by implementing the features of the inventions 

30 disclosed herein. 
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Fig. 3 shows an alternative system 300 for gas separation. Like system 200, 
system 300 includes a generally tubular enclosure 304 housing a plurality of 
permeable electrodes 310a-f in a passageway 360, an entry port 316 and two 
exhaust ports 218, 220 disposed at opposite ends of the passageway. Electrodes 
5 310a-f are disposed across passageway 360, dividing it into a plurality of sections 
each bounded on opposing ends by an electrode. Differences from system 200 
include tapered exhaust ports 318, 320 to promote laminar flow, a voltage divider 
circuit 350, exhaust control valves 352, 354, and controller 356. It should be 
appreciated that system 300 exemplifies various new features and modifications to 
10 system 200, and it is not necessary that all of these new features be used together at 
once. A system according to the invention may be constructed by selecting from 
these new features and modifications as desired. 

Each electrode 310a-f may be connected to a different node of voltage divider 
circuit 350. Resistors R1 may be of equal value, and divide the output of high 
voltage source 342 into equal (or if desired, unequal) increments. High voltage 
source 342 is any suitable source of high-voltage DC current. Resistor R2 should be 
of comparatively high impedance relative to the sum of the impedances of resistors 
R1, so that substantially all of the voltage output of source 342 is available between 
the resistors R1. R2 should also be resistive enough to prevent unnecessary 
20 dissipation of power by circuit 350. Thus, for example, if voltage source 342 provides 
an output voltage of 50,000 V, this may be divided equally by resistors R1 into 
increments of 10,000 V each. Electrode 310a, when connected to circuit 350 as 
shown, will be the most negatively charged of electrodes 310a-f. Electrode 310b will 
be 10,000 V more positive than electrode 310a, while being 10,000 V more negative 
25 than electrode 310c; and so on down the sequence of electrodes to the most positive 
electrode 31 Of. Any other suitable voltage divider circuit may be used; for example, 
multiple high-voltage sources may be connected in series, with their connection 
nodes and end nodes dividing the sum of their voltage output. 

Thus, an electric field of approximately uniform magnitude may be generated 
30 along the length of passageway 360. This relatively long high-voltage electric field 
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should enhance ionization in the gas mixture, as well as separation of ionized gases. 
In effect, the space between adjacent electrodes may be used as an extension of the 
ionization chamber 302. The electric field between individual electrodes may be 
made as strong as desired, up to the threshold imposed by arcing. The total voltage 
drop across the bank of electrodes 310a-f may therefore be greater than would be 
possible using just two oppositely-charged electrode banks of equivalent spacing. In 
addition, just as in system 200, the presence of additional electrodes in the gas flow 
path may enhance net diffusion of ionic species towards an oppositely charged 
electrode, and reduce backwards diffusion. A still further advantage is that the 
tubular enclosure 304 may readily be curved, coiled or contoured along its length to 
fit in a desired space, and the static electric field required for separation of ionic 
species may be maintained along a curved flow path by placing electrodes at 
sufficiently close intervals along the curve. 

Systems 300 or 200 may be used without dedicated exhaust pumps in a 
15 system, such as an internal combustion engine, that generates an independent 
source of suction. Hence, referring again to Fig. 3, system 300 is depicted without 
exhaust pumps. It should be appreciated, however, that suction should be applied to 
both exhaust ports 318, 320, thereby drawing gas in through entry plenum 316, for 
system 300 to operate in a manner similar to that described for system 200. Lacking 
20 dedicated exhaust pumps, flow through system 300 may be controlled by valves 352, 
354 connected in series with one or more of the exhaust ports. Exhaust port 318 
may have a higher flow capacity than port 320, depending on the gas mixture to be 
separated and the intended purity of separation. For example, a ratio of 4:1 in the 
flow capacity of port 318 to 320 may be useful. The ratio may be less; but preferably 

25 should not be less than 1 : 1 . 

System 300 may be configured as a component for installation in a more 
complex assembly, such as an internal combustion engine. For such applications, it 
may be particularly useful to configure system 300 for electronic control, either by a 
controller in the more complex assembly, and/or by a dedicated controller 356. 

30 There are, of course, various ways that system 300 may be configured for automatic 
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control. One approach may be to connect a controller 356, such as a programmable 
processor or controller, to sensors capable of measuring useful operating 
parameters. For example, controller 356 may be connected to an oxygen or other 
gas sensor 358 located in or near one of the exhaust plenums 326 or ports 354. In 

5 addition, or in the alternative, voltage drop of the divider circuit 350 may be 
measured. Generally, given a unvarying voltage supply, a voltage drop will be 
proportional to degree of ionization and gas separation. Another input may be 
provided by connecting to a pressure sensor 332 inside enclosure 304, such as near 
or in the ionization chamber 302. Controller 356 may be connected to control one or 

10 more of the exhaust valves 352, 354, whereby flow through system 300 may be 
controlled independently from a more complex system to which it may belong. In the 
alternative, or in addition, controller 356 may communicate with other components of 
the more complex system, and thereby control flow through system 300. 

It may be desirable to construct multiple-electrode gas separators, such as 

15 exemplified by systems 200 and 300, using modular single-electrode stages. Such 
modules may facilitate construction of a separator having any desired number of 



stages, and/or may make the gas separator easier and cheaper to construct. Fig. 4 
shows an exemplary single-stage module 400 for use in such a modular assembly. 
Module 400 may comprise a plastic tubular fitting, such as a pipe fitting 402. Fitting 

20 402 may comprise a collar 404 having an inner diameter sized to fit an outer diameter 
of tube section 406. Module 400 further comprises a gas-permeable electrode 408 
disposed across the interior of fitting 402. Electrode 408 may be attached to the 
interior of the fitting using any suitable method, such as with an adhesive. An 
electrical terminal 410 may be disposed on the exterior of fitting 402. Terminal 410 is 

25 electrically connected to electrode 408, by which the electrode may be maintained at 
a desired voltage. 

Fig. 5 shows a modular tubular enclosure 500 and related components for a 
gas separation system, such as may be constructed using modules such as module 
400, shown in Fig. 4. Enclosure 500 comprises six modules 502a-f like module 400. 
30 Each of modules 502a-f may be substantially identical. Each module includes a gas- 
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permeable electrode with a connected terminal, for example, electrode 501 and 
connected terminal 503. Enclosure 500 further comprises a centrally-located entry 
port module 504. Module 504 may be provided with an array of small openings 506, 
to serve as an entry port conducive to maintaining laminar flow conditions. In the 
5 alternative, or in addition, module 504 may have one or more larger entry ports, each 
of which may be controlled by an adjustable valve (not shown). Enclosure 500 may 
further comprise exhaust port modules 508, 510 at opposite ends of enclosure 500, 
connected by passageway 560. Each exhaust port module 508, 510 may have a 
suitably sized exhaust port, which may be of different sizes from one another. All of 
10 the modules used for enclosure 500 may be made from inexpensive plastic molded 
parts, such as PVC pipe fittings, or other suitable materials. When assembled as 
shown in Fig. 5, enclosure 500 may be used to implement either of systems 200 and 
300 shown in Figs. 2 and 3, respectively. 

A modular enclosure may readily be constructed in different configurations. 
15 For example, Figs. 2, 3, and 5 all show enclosures with centrally-placed entry ports. 
That is, all of the foregoing embodiments show an equal number of equally-spaced 
electrodes disposed between the entry port and each of the two exhaust ports. In an 
alternative embodiment, the entry port is not centrally located. Fig. 6 shows an 
enclosure 600 with an asymmetrically-placed entry port 606. Electrode module 602a 
20 is disposed to the left of entry module 604. Electrode modules 602b-f are disposed 
to the right of entry module 604. In this manner, gas flow through passageway 660 
to one of the exhaust ports, for example, exhaust module 610, can be made to flow 
through a greater number of electrodes and/or a longer electric field than flow 
through the opposite exhaust module 608. This may cause different results from an 
25 enclosure with a symmetrically-placed entry port. For example, a higher 
concentration of a first gas species (e.g., oxygen) may be achieved at both exhaust 
ports 610 and 608 (with a corresponding decrease in mass flow rate out port 610 and 
increase in mass flow rate out port 608), relative to a system with a symmetrically- 
placed entry port. 
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Fig. 7 shows a system 700 for gas separation making use of multiple linked 
stages 710, 730, 750. Stages 710 and 730 each direct treated gas from one of their 
exhaust ports into an entry port for a subsequent stage. The final stage 750 
exhausts "thrice-treated" gas, such as oxygen-enriched gas, for any desired use. 
The first stage 710 draws in the gas mixture (for example, air) to be separated 
through its entry port. A passageway 760 for gas flow extends through all three 
stages. Each stage may be constructed to resemble a version, such as a scaled- 
down version, of an earlier stage. Although drawn with modular components, these 
stages may be constructed in any suitable fashion, with or without modular 
components. Although three stages are shown, any system with two or more stages 
may be constructed and operated in similar fashion. 

Stage 710 comprises an entry plenum 712 having a single opening 711 
through which the initial gas mixture must pass, as shown by arrow 701. An 
adjustable valve (not shown) may be used to control the flow of gas into plenum 712. 
15 After passing through the opening, the gas mixture enters a plenum chamber 713, 
from whence it may bleed into the ionization chamber 716 by passing though a 
plurality of small openings 714. Thus, system 700 exemplifies a type of entry port 
capable of combining the advantages of plenum-type and valved entry ports. Any 
other suitable entry port may be used, including an entry plenum or a discrete port 
20 with or without an entry valve. 

Stage 710 comprises two oppositely-charged electrodes 715, 717 disposed on 
opposite sides of the entry port, comprising an electrode-bounded section. Each of 
the other stages 730 and 750 similarly comprises a section, all of which are disposed 
in a serial fashion along pathway 760. In the alternative, oppositely charged 
25 electrode banks may be used as in system 200, or a plurality of cascaded electrodes 
as in system 300, or any other suitable electrode configuration may be used for any 
of stages 710, 730, and 750. For separation of oxygen from air, electrode 717 may 
be positively charged, and electrode 715 negatively charged, using any suitable high- 
voltage source. In this configuration, oxygen-enriched gas may be drawn into the 
second stage 730 as shown by arrow 702. Oxygen-depleted air may be drawn out 
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an opposite exhaust port 718, as shown by arrow 705. The sum of the mass flow 
rates indicated by arrows 702 and 705 should equal the input flow rate indicated by 
arrow 701 . 

The mass flow rate into stage 730 is, accordingly, less than the input flow rate 
5 indicated by arrow 701 . The volume of stage 730 -- i.e., it's cross-sectional flow area 
- may be reduced a corresponding amount to maintain a relatively uniform flow 
velocity through the system. In the alternative, stages of equal sizes may be used, in 
which case flow through the subsequent stages will be reduced in velocity. To 
enable the use of a common suction pump or other suction source at exhaust ports 
10 718, 738, and 758, suitable exhaust plenums or valves (not shown) may be provided 
for flow control through these ports. Likewise, a suitable plenum and/or exhaust 
valve (not shown) may be provided for flow control through exhaust port 759, through 
which the most highly-enriched oxygenated air flows. 

Flow 702 enters stage 730 into an ionization chamber disposed between 
15 oppositely charged electrodes 735, 737. These electrodes provide an electric field 
that is transverse to the flow 702 in passageway 760. Optionally, as shown in Fig. 7, 
the passageway may redirect the flow of gas between stages 710, 730, and/or 750. 
Electrodes 735, 737 may be connected in parallel to electrodes 715, 717 in stage 
710 and to electrodes 755 and 757 in stage 750, respectively. Thus, a single high- 
20 voltage source may be used for system 700, with the full source potential available 
for each stage. An entry plenum or discrete port may be used to discharge gas into 
stage 730 between the electrodes 735, 737. If desired, a flow control valve (not 
shown) may be provided between stages 710 and 730, and/or between stages 730 
and 750. Entry flow 702 into stage should equal the combined mass flow rate of the 
25 exhaust streams from stage 730, as indicated by arrows 703 and 706. 

When configured as shown, gas that is further enriched in oxygen is attracted 
towards positive electrode 737, where it is drawn into a final stage 750 by suction 
applied to ports 758 and 759. Gas that is depleted in oxygen is drawn towards 
opposite electrode 735 and drawn out port 738. A control valve (not shown) may be 
30 positioned between stage 730 and 750, with or without a plenum entry port. Final 
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stage 750 may be reduced in size from stage 730, commensurate with its reduced 
entry flow rate. Stage 750 may be configured similarly to stages 730 and 710, with 
oxygen-enriched gas drawn past electrode 757 and out port 759, while oxygen- 
depleted gas is drawn past negative electrode 755 and out port 758. Input gas flow 
5 703 into stage 750 should equal the exhaust flows represented by arrows 704, 707. 
For optimal operation, all exhaust flows should be balanced to maintain an 
appropriate ratio between exhaust and purified gas at each stage, while also 
maintaining the ionization chamber of each stage at an optimal, less-than- 
atmospheric pressure. 

10 Having thus described a preferred embodiment of a method and system for 

gas separation, it should be apparent to those skilled in the art that certain 
advantages of the within system have been achieved. It should also be appreciated 
that various modifications, adaptations, and alternative embodiments thereof may be 
made within the scope and spirit of the present invention. For example, an open 

15 system for separation of oxygen and nitrogen from air, and method for using the 
system, have been illustrated, but it should be apparent that the inventive concepts 
described above would be equally applicable to separation of other gaseous 
constituents from other mixtures. For further example, it should be apparent that a 
system according to the invention may be used in connection with various different 

20 applications, including but not limited to combustion processes such as internal 
combustion engines, air conditioning, industrial processes and fire suppression. The 
invention is further defined by the following claims. 
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